ABSTRACT: Substrate affinity expresses the ability of an osmotroph organism to compete for a substrate at permanently low external concentrations and is thus a central parameter in conceptual and mathematical models of aquatic food webs. Assuming diffusion transport in the surrounding medium to be the limiting process at low external substrate concentrations, the theoretical maximum affinity (α max ) and its dependence on cell size and shape for a given osmotroph organism can be calculated from Fick's law of diffusion in combination with knowledge of the amount of substrate required to form a new cell. For a non-respired substrate, the actual affinity (α) can also be expressed as the biomass-specific turnover rate of the substrate, α = (TB) -1
INTRODUCTION
For many years N was considered the main limiting nutrient in marine systems (1999) . Over the last 3 decades, this view has been challenged (1) by experiments in high nutrient, low chlorophyll (HNLC) regions giving clear indications of Fe-limitation (Boyd 2002) and (2) by an increasing amount of evidence for P-limitation in marine areas such as the Mediterranean (Thingstad et al. 1998 , Zohary & Robarts 1998 , the Sargasso Sea (Wu et al. 2000) , parts of the Atlantic (Ammerman et al. 2003 , Vidal et al. 2003 and in subtropical Pacific waters (Björkman et al. 2000 , Karl et al. 2001 .
In environments where phosphorus is the nutrient that limits growth rate, the relative competitive ability for phosphate by osmotrophic organisms supposedly has a key role, influencing the pathway through which phosphate enters and is transported through the microbial part of the pelagic food web to higher trophic levels. This channelling of phosphate through the microbial food web is believed to be influenced by many processes and parameters including the phosphate storage ability of cells (e.g. Isvánovics et al. 2000) , and loss processes such as leakage of phosphate (e.g. Vadstein 1998) , predation (e.g. Gasol et al. 2002) and viral lysis (e.g. Wilhelm & Suttle 1999) .
Here we focus solely on the ability of osmotrophs to compete at permanently low substrate concentrations. Crucial for this is the initial slope of the substrate versus specific uptake rate relationship, here defined as their maximum specific affinity (α max ). The unit for this affinity is volume of water cleared for substrate per unit biomass per unit time, and thus corresponds conceptually to the maximum clearance rate of a phagotrophic organism. Affinities and clearance rates thus constitute a common subset of parameters whose absolute and relative values are crucial in determining both steady state (Thingstad 2000) and transient behaviour (Thingstad et al. 2007 ) in mathematical models for the microbial ecosystem. Theoretical values for α max can be calculated based on the assumption that, at sufficiently low substrate concentrations, transport by molecular diffusion to the cell surface becomes the rate-limiting step. The assumption is thus that maximum affinity is reached when the diffusive transport is so low that all molecules hitting the cell surface are captured by the organism (Kiørboe 2008) . The expression for α max will depend on cell size and shape and on minimum cell quota for P. The minimum cell quota will depend both on factors such as elemental C:P ratio in the cytoplasm and on morphological features such as a vacuole that can be empty of P. We derived expressions for flagellates, coccoid and rod-shaped bacteria and spherical and rod-shaped diatoms for comparison with experimental results (see Table 1 ).
Uptake as a function of substrate concentration is often described by a Michaelis-Menten saturation curve. When substrate concentration is sufficiently low, the initial part of the curve can be approximated by a linear relationship, where total uptake V from a population with biomass B is proportional to substrate concentration S: V = α max SB. Since turnover time T for phosphate is defined as T = SV -1 , it follows that α max = (TB) -1 . Specific affinity can thus also be interpreted as the biomass-specific turnover rate: turnover rate = T -1 . Whereas S cannot be easily measured under P-limited conditions (Hudson et al. 2000) , T and B can, allowing a technically easy determination of specific affinity α as suggested by Thingstad & Rassoulzadegan (1999) .
Despite the importance ascribed to cell size in most microbial food web models, relatively little experimental support for the theoretically expected size-dependence of affinity seems to be available. Here, we collected experimental estimates of α for osmotrophic microorganisms belonging to different groups and covering a wide range in size. Using these as minimum estimates for α max , we are able to compare experimental values (see Table 2 ) to the theoretical relationships based on diffusion limitation (see Table 1 ).
MATERIALS AND METHODS

Organisms.
Organisms from different groups of osmotrophs (organisms using dissolved substrates) were chosen. Bacteria: Two bacterial strains (Roseobacter algicola and Vibrio splendidus) were originally isolated from the bay of Villefrance-sur-Mer in the Mediterranean Sea (43°41' N, 7°19' E) and off Scripps Pier in the Southern California Bight (32°53' N, 117°15' W), respectively (Hagström et al. 2000) .
Autotrophic flagellates: Cultures of the flagellates Isochrysis sp., Pavlova lutheri (Droop) Green 1975 and Tetraselmis suecica (Kylin) Butcher, 1959 were used. The P. lutheri culture was made axenic by antibiotic treatment, and the culture was tested for sterility at each transfer (Droop 1967) .
Dinoflagellates: The dinoflagellate Heterocapsa triquetra (Ehrenberg) Stein 1883 was isolated from Øre-sund, Denmark (Schmidt & Hansen 2001 Derivation of expressions. We derived expressions for flagellates, coccoid and rod-shaped bacteria and spherical and rod-shaped diatoms for comparison with experimental results (Table 1) . The diffusive flux J to a sphere of radius r is J = 4πDr(S ∞ -S r ) (Jumars et al. 1993) , where D is the diffusion rate for phosphate in seawater and S ∞ and S r the phosphate concentrations at infinite distance and at the cell wall, respectively. The maximum flux when the cell captures molecules as fast as they are transported is thus J max = 4πDrS ∞ . Dividing J max by the minimum phosphorus cell quota Q min gives the maximum growth rate obtainable for a given S ∞ : μ = (4πDr/Q min )S ∞ . From this, α max = 4πDr/Q min . Replacing Q min with the expression Q min = (4/3)πr 3 σ, where σ is the average cell concentration of P, gives α max = 3D/σr -2 . Assuming the biomass to contain 22% dry weight, 50% of which is carbon, a specific weight of 1.1 g cm -3
(Bratbak & Dundas 1984) and a Redfield molar C:P ratio of 106, a 'standard' σ = 9.5 10 -8 nmol P µm -3 is obtained. For bacteria we used a molar C:P ratio of 50, increasing σ by a factor of 50/106.
For diatoms we assumed a cytoplasm layer of thickness d = 1 µm and the vacuole to be P-free. To produce the curves in Fig. 1 we used a diffusion rate D ≈ 10 -5 cm 2 s -1 (3.6 × 10 6 µm 2 h -1 for phosphate in seawater). Analytical solutions to Fick's law for some non-spherical shapes are available (Clift et al. 1978) . To visualize the effect of shape, we chose to compare spheres with short rods, where g = length/r and 0 < g ≤ 16. This gives the analytical expressions in Table 1 .
Experimental setup. To create a gradient in biomass at steady state, 5 batch cultures forming a gradient in phosphate addition were used for each organism. Sterile 2.0 l Erlenmeyer bottles with 1200 ml of artificial seawater (ASW) medium (Wyman et al. 1985) were amended with phosphate and nitrate in a molar ratio of 80 from sterile aqueous solutions of NaNO 3 and KH 2 PO 4 , respectively. For all non-diatoms plus Skeletonema marinoi, a phosphate gradient of 0, 0.5, 1.0, 1.5 and 2.0 µM P (with initially added phosphate) was used, for the other diatoms the gradient was extended: 0.0, 1.8, 3.6 and 5.4 µM P, and 7.2 µM PO 4 . Trace metal and vitamin solutions were based on the F/2 medium (Guillard 1975) . For Heterocapsa triquetra, F/2 medium (Guillard 1975 ) was used, except for N and P which were added as previously explained. The batch cultures were grown on a shaking table at 15 or 20°C; 3 of 7 cultures were axenic (see Table 1 ). The bacteria were grown in the dark and the algae in continuous light of 76 µmol photons m -2 s -1 . Cell counts and fluorescence reading were done daily during the experiments to monitor the cell growth and determine when the cultures reached stationary phase. In addition, the following parameters were also measured: particulate P (PP), soluble reactive P (SRP), alkaline phosphatase activity (APA), cell abundance and cell size. Bacterial abundance was determined in non-axenic cultures.
Particulate phosphorus. Bacterial samples were filtered in triplicate through 47 mm polycarbonate filters of 0.2 µm pore size. The axenic Pavlova lutheri cultures were filtered in triplicate through 47 mm polycarbonate filters of 1.0 µm pore size and the non-axenic cultures through 47 mm polycarbonate filters of 2.0 (Chaetoceros muelleri, Isochrysis sp. and Tetraselmis suecica) or 5.0 µm pore size (diatoms). Filters were transferred to polycarbonate tubes and wet oxidation in acid persulphate was performed according to Koroleff (1983) . Filters and reagent blanks were subtracted.
Alkaline phosphatase activity. APA was measured fluorometrically in a Perkin-Elmer fluorometer (PE LS50B) with methyl-fluorescein-phosphate as substrate (Perry 1972) . Values >1.6 nmol PO 4 3 -l -1 h -1 were regarded as positive.
Uptake of orthophosphate ( 33 P). Uptake kinetics of 33 P was measured based on the method of Thingstad et al. (1993) . Carrier-free H 33 PO 4 (Amersham BF 1003) was diluted in Milli-Q water and added to 10 ml samples in 20 ml polyethylene vials to give a final concentration of 3.6 to 6.0 × 10 4 Bq ml -1
. Vial contents were mixed after isotope addition and then incubated without shaking. Samples for subtraction of background and abiotic absorption were fixed with 25 µl glutaraldehyde before isotope addition. Based on expected turnover time, the length of incubation ranged from 1 to 16 min. Incubation was stopped by a cold chase of KH 2 PO 4 (final concentration, 1 µM). Aliquots were filtered in parallel on 25 mm polycarbonate filters with pore sizes according to the type of organism. Bacterial samples were filtered on 0.2 µm, the axenic culture of Pavlova lutheri on 1.0 µm, the non-axenic cultures of Tetraselmis suecica, Chaetoceros muelleri and Isochrysis sp. on 0.2 and 2.0 µm, while diatoms were filtered on 0.2 and 5 µm pore size filters. Filtrations were done at low suction (< 0.2 atm) using a 12-place Millipore manifold and Whatman GF/C filters saturated with 100 µM KH 2 PO 4 as support filters. When the entire sample volume had passed the filter, suction was increased to remove medium remaining in the polycarbonate filters. To avoid cell breakage on the filters, no washing step was applied (Thingstad et al. 1993 ). Filters were then placed in polyethylene scintillation vials with scintillation liquid (Ultima Gold, Packard, Biosciences) and radioassayed in a Liquid Scintillation Analyzer Tri-carb (1900CA 
, where ρ is the fraction of added isotope collected on the 0.2 µm filter after incubation time t. Radioactivity on the 0.2 µm filters, corrected for blank, were assumed to represent total biological uptake.
Size measurements. Size measurements varied according to the type of organism. In order to determine bacterial sizes, samples were put onto 400 mesh Ni-grids with carbon-coated formvar, and left for cells to sink for 10 min. The liquid was then removed by blotting paper. Cell sizes of 8 individual Roseobacter algicola cells were measured from electron micrographs taken at a magnifications from 5000 to 15 000× in a JEOL 100CX transmission electron microscope. A total of 25 cells of Vibrio splendidus were measured directly in a Philips CM 200 electron microscope at a magnification of 10000×.
Algal cell sizes were measured by phase contrast light microscopy. Linear measurements of a minimum of 50 unfixed cells per series were made and converted into the equivalent radius of a spherical cell, except for the Heterocapsa triquetra culture which was fixed in pseudo-Lugol's and for which a total of 10 cells were measured. Volume was calculated using idealized geometrical shapes, and the equivalent spherical diameter calculated.
Abundance of organisms. Diatoms and the dinoflagellate were counted using a haematocytometer (Fuchs Rosenthal) and a light microscope equipped with phase contrast at 100× magnification. The other flagellates and bacteria were counted by flow cytometry using a FACSCalibur flow cytometer (Becton Dickinson) equipped with an air-cooled laser providing 15 mW at 488 nm with the standard filter setup. Enumeration of bacteria was performed on samples fixed with glutaraldehyde for 30 min at 4°C. Algae were enumerated from fresh samples. Flow cytometer procedures followed the recommendations of Marie et al. (1999) .
Soluble reactive phosphorus measurements. SRP was measured spectrophotometrically using the molybdenum blue reaction described by Koroleff (1976) . SRP was measured in triplicate without filtration and corrected for turbidity.
Calculation of affinity. In a batch culture, α max is expected when external free phosphate as well as internal stores of P have been depleted, but before senescence occurs. In accordance with this, cultures with different phosphate concentrations reached α , where f is the fraction of total incorporation going into the size fraction dominated by the organism in question (Thingstad & Rassoulzadegan 1999) .
RESULTS
All microorganisms grew exponentially to stationary phase. As expected in a medium designed to give a Plimited stationary phase, SRP decreased to low values close to detection limits in all cultures. Both of the 2 bacterial cultures reached the stationary phase within 20 h and all the algal cultures within 18 d after the start of the experiment.
Affinity values most closely approaching the theoretical maximum value were anticipated in early stationary phase when external and internal reservoirs of phosphate had been depleted, but before senescence of the P-starved cells. Affinity determinations were therefore initiated based on 3 criteria: (1) reduction in division rate, (2) SRP below or close to detection limit, and (3) induction of alkaline phosphatase. The cultures of bacteria were sampled once for estimation of affinity. Algal cultures were sampled 1 to 6 times as the batch cultures developed and, if different, the B and fT -1 values corresponding to the highest α obtained for each culture were used in the regression estimate of α max (Fig. 1) . The various organisms used in the present study varied in size over more than 1 order of magnitude, from 0.5 µm to 7.1 µm, presented as average equivalent cell radius ( Table 2) .
The highest specific affinity was found for the diatom species Chaetoceros muelleri (0.066 l nmol P -1 h ) while α-values for the flagellate were lower by a factor of ca. 3 to 20. The lowest α was measured for the largest organism, the dinoflagellate Heterocapsa triquetra, at 0.002 l nmol P -1 h -1 (Table 2) .
DISCUSSION
Many aspects related to pelagic food web control are related to particle size, including sedimentation, predation and nutrient competition. Appropriate parameterization of these processes is thus required in order to make realistic numerical models for this ecosystem. The work presented here addresses part of this problem through laboratory experiments intended to provide experimental data suitable for comparison with size-based theoretical models for diffusion-limited uptake of phosphate. We used osmotrophs covering 1 order of magnitude in size, a wide spectrum of taxonomic groups and both heterotrophic and autotrophic modes of energy acquisition.
The general result from Fig. 1 is that experimentally estimated affinities are of the same order of magnitude as the theoretical predictions based on diffusion theory. The predicted decrease in affinity with cell size is reflected in a similar decreasing trend in the observations, covering 2 orders of magnitude in affinity estimates. Likewise, the observation of diatoms having higher affinities than similarly sized flagellates is in accordance with the theory assuming P-free diatom vacuoles. This general agreement between theory and observation supports the basic theoretical assumption that, at sufficiently low external concentrations of phosphate, physical transport by diffusion, rather than any biological process, such as enzymatic uptake, is the rate-limiting process.
When uptake is the rate-limiting process, bacteria have often been speculated to be superior competitors to phytoplankton due to a higher surface:volume ratio. In the models used here, this prediction is modulated by the high P-requirement assumed for bacteria. The bacterial affinities found for Roseobacter algicola and Vibrio splendidus of 0.04 and 0.05 l nmol P -1 h -1 , respectively, are slightly below the α-values calculated from this theory (Fig. 2) . In a recent study, affinities for the same V. splendidus isolate was determined for cells grown in P-limited chemostats (Løvdal et al. 2008) . Interestingly, this gave higher values (around 0.19 l nmol P -1 h -1 ), slightly above the theoretical α max (Fig. 2) . It is therefore possible that chemostat conditions, where the cells are allowed to adapt to a stable situation of P-deficiency, may give higher experimental affinity values than batch culture studies where measurements have to be made on cells in a transition phase between growth and senescence. In the lower end of the size spectrum, the largest organism studied, the dinoflagellate Heterocapsa triqueta, also had the lowest affinity estimate (0.002 l nmol P -1 h -1
). Some of the affinity estimates for diatoms are considerably above the theoretical predictions; for the bacteria and some of the flagellates, values are below the theoretical predictions. Our comparison between experimental and theoretical affinity values contains 3 potential sources of error: (1) errors in the experimental affinity estimates, (2) errors in cell-size determination, or (3) Table 2 . Summary of the organisms used, the measured cell sizes ± SD and the regression-based (see Fig. 1 ) estimates of maximum specific affinity (α max ; ± SE). ESR: equivalent spherical radius for in the theory. A weakness in our methodology for affinity estimation is that it does not distinguish between P in live and dead cells. This would bias the results towards underestimation of affinity since 'active' PP would be overestimated. Similarly, phosphate determination using the molybdenium blue method has a potential for interference from silicate (Koroleff 1983) , from which one might fear a systematic overestimation of PP in diatoms. As above, however, the result would be an underestimation of affinity and cannot be inferred as an explanation for the high affinity estimates found for some diatoms. Size-determination of microorganisms is not trivial and may be subject to errors from, for example, shrinking during fixation, as was done here for Heterocapsa triqueta. Coefficients of variation in our determination of size are typically of the order of 20% (Table 2) . This is not unexpected in a growing population (for spherical cells doubling in volume before dividing in 2, the theoretical ratio in diameter between newborn and dividing cells is 3 √2 × 1.26). There are several assumptions affecting the precision of the theoretical model, this includes the calculations for P-content per volume in cytoplasm and the thickness of the cytoplasm layer in diatoms. To a certain extent, our theory accounts for differences in cell shape. As illustrated in Fig. 1 , the assumption of a rod shape rather than a spherical shape has very little effect on the theoretical affinity of diatoms. This is because the change in diatom shape is paralleled by a reduction in relative vacuole volume. The predicted difference between rod and spherical shape is thus more pronounced in the case of bacteria (Fig. 2 ). An interesting alternative morphological feature would be long spines such as the setae possessed by some diatoms. Of the 3 diatoms with affinity estimates above the theoretical prediction, 2 (Chaetocheros muelleri and C. curvisetus) have setae, while the third (Skeletonema marinoi) does not. Since setae can contain polyphosphate bodies (Rogerson et al. 1986 ), they may also be speculated to be active in phosphate uptake. This likely increases considerably the volume from which the cell can capture phosphate, but for this to work under steady state conditions, an efficient transport mechanism for the acquired phosphate from the site of uptake to the central cell is required. The models used do not take into account the effects of swimming, sinking or turbulence. With organisms well below Kolmogorov scale and incubations for 33 Puptake done under still conditions, turbulence is not expected to have influenced the measurements. There is also no visible trend in the data indicating that swimming (flagellates) or sinking (large) organisms have experimental affinity values above the theoretical.
Our affinity estimates are based on a linear regression based on data for cultures with different biomass, the slope of the regression line forced through the origin being used as the estimate of affinity. In several cases, points were omitted from the regression (Table 2 ) based on the argument that the corresponding cultures either had not reached a state with depletion of both external phosphate and internal P-reservoirs before termination of the experiment, or the culture had clearly reached a state of senescence when affinity measurements were initiated. We checked the cultures for positive APA. It has been debated whether APA is a sign of depletion of external phosphate or of a more severe P-starvation where the internal cell quota approaches minimum and growth is truly P-limited (Van Boekel & Veldhuis 1990 ). We only used APA as additional information to measurements of SRP and cell counts, confirming that the cells were in a phase of P-starvation.
We have found a number of studies reporting orthophosphate affinity (Table 3) , comprising values for different groups of osmotrophs, and from fresh and marine waters. Precise information on cell sizes and shapes are, however, generally lacking, preventing the inclusion of most of these data in Fig. 1 Recalculated by Vadstein et al. (1989) c Calculated by Riegman et al. (2000) ; Table 3 ). Very low bacterial affinity estimates were reported in some early studies (Mitchell 1954 , Fuhs et al. 1972 , Chen 1974 , but have been considered erroneous due to methodological problems (Currie & Kalff 1984) . Except for the dinoflagellate, the experimental affinities for flagellates in the present study vary from 0.002 to 0.015 l nmol P -1 h -1
. Literature values vary from 0.002 to 0.020 l nmol P -1 h -1 , thus covering a very similar range. We are not aware of studies giving affinity values for dinoflagellates, but our low value of 0.002 l nmol P -1 h -1 fits other claims in the literature of low nutrient competition abilities in dinoflagellates (e.g. Frangopulos et al. 2004) .
Some investigations have been performed with bulk natural samples (Table 3) , respectively. These bacterial numbers are in the same range as our laboratory measurements, while the other 2 size group measurements are slightly higher than our flagellate measurements. Thingstad et al. (1993) found affinities of 0.013 and 0.023 l nmol P -1 h -1 for the size fractions >1 and 0.2 to 1.0 µm, respectively, in the P-limited layer of a Norwegian fjord. These numbers are similar to our numbers for small flagellates and bacteria. With the same technique as used here, Moutin et al. (2002) determined affinities along a W-E transect in the Mediterranean Sea. They found maximum affinities of 0.220 l nmol P -1 h -1 for the fraction between 0.2 and 0.6 µm, 0.242 l nmol P -1 h -1 for the fraction between 0.6 and 2.0 µm and 0.026 l nmol P -1 h -1 for the fraction > 2 µm, i.e. values for the picoplanktonic fractions higher than any value found in our laboratory cultures. In another study from the eastern Mediterranean using the same technique, they found a mean specific affinity of 0.093 nmol P -1 h -1 for the osmotrophic biomass < 2 µm (Flaten et al. 2005) . These high values may be another indication that the estimates presented here are conservative, but one can also speculate that permanently P-limited environments like the eastern Mediterranean have organisms physiologically adapted to these conditions and, like the chemostats discussed above, provide a better system for experimental verification of α max -values than the batch cultures used here.
The most important conclusion from the present study is that affinity measurements based on the α = (TB) -1 method used here give phosphate affinities comparable to those predicted by a theory assuming diffusion-limited uptake, supporting the validity of this theoretical concept. The general size-dependence and the superiority of the ecologically important diatom group predicted by our simple models are also confirmed. The application of these principles to our understanding and modelling of P-limited systems is therefore supported. While the experimental part of the present study only concerns the uptake of phosphate, the theoretical part is general and, with minor modifications, should be applicable to other limiting substrates such as iron or inorganic N compounds. The experimental part, however, requires a practically useful radioactive isotope of the element and may be extendable to Fe using 59 Fe, but seems difficult to apply to N where the only radioactive isotope available is 13 N with a half-life of 10 min. Interestingly, our experimental and theoretical support for particularly high affinities in diatoms may seem difficult to reconcile with previous findings where diatom abundance has been reported to be generally low in P-limited mesocosm experiments (Egge 1998) . This may, however, just be a reminder that in natural systems, affinity is only one aspect of in a complex set of positive and negative interactions affecting growth and loss, from which the standing stock of a population is the integrated net result. 
